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1 Introduction 
1.1 Motivation 
Recently, with rapid aging of population and declining birthrate in many countries, public health 
burden associated with stroke-related disability in lower limbs has been increasing year by year. 
Lower-limb disabilities due to stroke could lead to life-long dependency on caregivers and a 
tremendous decrease of the quality of life (QOL). These factors are driving research work for more 
cost-effective methods for post-stroke rehabilitation, including robotic devices that provide 
movement therapies. As an effective tool for therapists, rehabilitation medicine and technology have 
been playing an increasingly important role in dealing with those social issues. Moreover, a number 
of rehabilitation robotic systems have been developed for the purpose of improving motor function 
after stroke over the past few years. Their therapeutic effects have been proved by numbers of 
studies: they not only could improve the range of motion (ROM), strengthen muscle in stroke 
patients, but could also restore their impaired motor functions as well as their self-confidence.  
Impedance control has been employed for those rehabilitation robotic systems for active-assisted 
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movement to enable the cooperation with human subjects’ motion, by reacting to their voluntary 
intention detected from Electromyogram (EMG) signals. In most of these studies, the relation 
between control parameters, i.e., desired impedance, and EMG signals were assumed as invariable 
not only for different moment in one certain motion, but also for different motions. Also, only a few 
studies explored changing impedance, but investigation was limited to linear and 
motion-independent impedance models, determined through subjective opinion. However, it is 
highly possible that, such impedance models could not match with human characteristics in specific 
motion tasks, which would cause the cooperative system unstable. Therefore, to ensure those 
rehabilitation robotic systems user-oriented, they should be controlled stably for the patients 
considering the dynamic characteristics of target muscle in human-robot cooperative motion tasks. 
1.2 Objectives 
The main goal of this thesis is to develop a lower limb rehabilitation robotic system using as a 
stable and effective assist tool to perfect targeted motion rehabilitation training task. Due to the 
human-robot cooperative nature of rehabilitation training, the system should be user-oriented, i.e., 
they should be in concord with the dynamic characteristics of target muscles, and also be controlled 
stably for the patients with different level of disorder. 
To ensure a controller matching with human characteristics in specific motion tasks, in this work, 
we proposed a variable impedance control model, in which desired impedance was estimated from 
EMG signals, to match with the active joint stiffness. Concretely, experimental methods to construct 
two motion-dependent nonlinear impedance estimation models based on 1) primarily the muscle 
activity of agonists (scheme1), 2) a weighted sum of the muscle activity of agonists and antagonists 
(scheme2), respectively were proposed. Experiments with a knee joint extension and flexion tasks 
were performed to verify the effectiveness of the variable impedance control with the two different 
impedance estimation models with simulated stroke patients. Besides the discrepancy between the 
ideal and realized trajectory, and muscle effort, a Hoffmann reflex based spinal motor neuron 
excitability index was also used to evaluate the proposed variable impedance control, since many 
paraplegic patients show supernormal excitability of antagonists. Normal subjects, and simulated 
stroke patients who are also normal subjects but required to activate their antagonists to a certain 
level during the motion to simulate the patients with reciprocal innervation disorder. 
2 Methodology  
In this study, we proposed two motion-dependent nonlinear impedance estimation models based 
on 1) primarily the muscle activity of agonists (scheme1), 2) a weighted sum of the muscle activity 
of agonists and antagonists (scheme2), in which the desired impedance was estimated from the EMG 
signals, to match with the active joint stiffness. Experiments with a knee joint extension and flexion 
tasks were performed to verify the effectiveness of the variable impedance control with the two 
different impedance estimation models. Besides the discrepancy between the ideal and realized 
trajectory, and muscle effort, the Hoffmann-reflex based spinal motor neuron excitability index was 
also used to evaluate the proposed variable impedance control.  
2.1 Impedance estimation model 1 
In order to make a controller match with the active joint stiffness during extension and flexion 
tasks, a motion-dependent nonlinear impedance estimation models based on primarily the muscle 
activity of agonists (scheme1) was constructed with experimental method as in following.  
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where (RMS_EMG)%Agonist is the normalized RMS_EMG of agonist muscle. 
To quantify the relation between EMG and the desired elastic modulus (Kd), a set of different 
values was set for Kd. For each Kd value, the knee extension and flexion experiment (Experiment 1: ) 
were done, and EMG signals for a pair of antagonist muscle was recorded and calculated. Thus, a set 
of Kd -EMG data could be collected, and through curve fitting, a continuous function could be 
acquired.  
where Kd1 is the desired elastic modulus, and (RMS_EMG) _1 is the RMS_EMG as shown in equation 
(1) based on scheme1, a and b are the constants for fitting the model. 
2.2 Impedance estimation model 2 
To ensure the controller could be applied to the patients with reciprocal innervation disorder 
since the antagonist’s activity of those patients were varying with the healthy persons, EMG of both 
the agonist and antagonist with a normal subject and a patient with reciprocal innervation disorder in 
the knee joint were measured. Then, from these measurements, the normalized RMS_EMG were 
calculated to quantify the relation between the RMS_EMG and changing impedance for the initial 
analysis. To express the desired impedance in terms of the active torque output of the target knee 
joint to patients with reciprocal innervations disorder, and the effect of co-contraction of both 
agonist and antagonist muscles with EMG signals, the influence of antagonist muscle estimated with 
EMG signals should be investigated and considered quantitatively in a human-robot cooperative 
system. Therefore, the proposed control policies based on scheme2 was proposed in this study as in 
equations (3) and (4). 
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where (RMS_EMG)_1 is the compound muscle activity calculated from the activity of both agonist 
and antagonist muscles, i.e., (RMS_EMG)%Agonist, the  normalized RMS_EMG of the agonist 
muscle, and  (RMS_EMG)%Antagonist, the normalized RMS_EMG of the antagonist muscle. The 
compound muscle activity is expressed as the difference between the agonist muscle activity and an 
item denoting active output, and another item denoting contraction effect, weighted by K’i and K’iw, 
respectively. Note, that values of the weight coefficients K’i and w might be dependent on the 
antagonist muscle activity level.  
To quantify the relation between RMS_EMG and the desired elastic modulus (Kd) based on 
scheme2, a set of Kd-EMG relation could be acquired as equitation (5).  
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where Kd2 is the desired elastic modulus, and (RMS_EMG) _2 is the RMS_EMG as shown in equation 
(4) based on Using two EMG-impedance models from Flexion and Extension with Agonist and 
Antagonist (scheme2), and a and b are the constants for fitting the model based on scheme2. 
2.3 Variable impedance control based on impedance estimation with agonist EMG signals  
To confirm the effectiveness of motion-dependent nonlinear impedance estimation models based 
on primarily the muscle activity of agonists (scheme1), the value of the desired elastic modulus Kd 
could be calculated by reverse looking up the function acquired through curve fitting, using the 
impedance estimation model 1. 
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where (RMS_EMG)_1 is the normalized active values of RMS_EMG signals based on scheme1. a 
and b were the constant for fitting the model1 based on scheme1. 
2.4 Variable impedance control based on impedance estimation with agonist and antagonist 
EMG signals  
To confirm the effectiveness of the motion-dependent nonlinear impedance estimation models 
based on a weighted sum of the muscle activity of agonists and antagonists (scheme2), the value of 
desired elastic modulus Kd could be calculated by reverse looking up the function acquired through 
curve fitting with impedance estimation model 2. 
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where (RMS_EMG)_2 is the normalized active values of RMS_EMG signals based on scheme2. 
2.5 αMotor Neuron (αMN) excitability index 
The Hoffmann reflex based spinal motor neuron excitability index was used to evaluate the 
proposed variable impedance control in this study. However, in clinical trials, the Hmax/Mmax ratio 
was commonly used as an estimation of spinal motor neuron excitability index when data is 
collected more than one occasion. Hmax and Mmax can be elicited with the different needed stimulus 
intensity to tibial nerve as mentioned in previous sentences. Then Hmax/Mmax was used as spinal 
motor neuron excitability index in this study.  
3 Experiments  
Three experiments were performed to investigate the variable impedance control based on the 
model of impedance estimation with EMG signals for a robotic system for lower limb rehabilitation. 
The objective of the first experiment (Experiment1) was to study the relation between EMG and the 
desired impedance in the knee joint extension and flexion tasks, and to confirm the effectiveness of 
the variable impedance control with the motion-dependent nonlinear impedance estimation models 
based on primarily the muscle activity of agonist. The aim of the second experiment (Experiment2) 
was to establish a variable impedance models that could reflect the contraction characteristics of the 
antagonist muscle, and performed to confirm the effectiveness of a variable impedance control with 
the antagonist muscle activity level-dependent variable impedance model for a lower limb 
rehabilitation robotic system. Moreover, in order to evaluate the validity of our two proposed 
variable impedance controls, a Hoffmann-reflex based spinal motor neuron excitability index was 
also used in a repeated human-robot cooperative rotational motion task as in the third experiment 
(Experiment3), since many paraplegic patients show supernormal excitability of antagonist. 
Experiment2 and Experiment3 were performed with special subjects, referred to as “simulated stroke 
patients”, who are normal subjects that were trained to activate their antagonist muscle to a certain 
level during motion, in order to simulate reciprocal innervation disorder. 
4 Conclusions and future work 
4.1 Summary of results and discussion 
The results of the three experiments and findings concerning variable impedance control method 
could be summarized as follows: 
1） Tow experimental methods to construct the motion-dependent nonlinear impedance estimation 
models based on 1) primarily the muscle activity of agonists (scheme1), 2) a weighted sum of 
the muscle activity of the agonists and antagonists (scheme2), respectively were proposed.  
2） The root mean square of the EMG signals (RMS_EMG) of the target muscles increases as 
specified elastic modulus increases for extension or flexion motion task, but there is a 
significant difference between the two tasks. 
3） Experiments with the knee joint extension and flexion tasks were performed to verify the 
effectiveness of the variable impedance control with the two different impedance estimation 
models. The proposed variable impedance control method with impedance estimation models 
based on scheme1 could achieve a smaller angular error with less muscle effort in a knee joint 
extension and flexion tasks, than the invariable impedance control, and a smaller angular error 
than the motion-dependent linear variable impedance control; 
4） The impedance estimation model based on the scheme2 could achieve a smaller angular error 
and less velocity error than the scheme1 for the simulated stroke patients. 
5） The variable impedance control model based on the scheme2 led to lower spinal motor neuron 
excitability, indicating lower possibility of muscle tone, than with control models based on the 
scheme1, in a repeated (36 times) human-robot cooperative rotational motion task 
In summary, the nonlinear motion-dependent variable impedance control for the lower limb 
rehabilitation robotic system could provide user-oriented and stable and safe assistance, without 
increasing spinal motor neuron excitability. Important insights to the fields of rehabilitation training, 
neuroscience, and human-robot interaction were gained. 
4.2 Future work 
It is important to further extend the achievements in this work to design and develop a new 
wearable and minimally uncomfortable lower limb robotic system for daily training in future. 
Therefore, in order to use EMG signals to control rehabilitation robotic system more user-friendly, 
the calculated method of RMS_EMG, for example the integration interval and sample frequency 
have or not affect the result of control system should to investigate. Therefore, in the next stage, we 
should focus on how the RMS_EMG of integration interval and sample frequency influences the 
control system by using more subjects.  
Moreover, to use EMG signals to control rehabilitation robotic systems stably in real hemiplegics 
in the next stage, the characteristics of EMG outputs in subjects with different types of hemiplegia 
should be further investigated. Moreover, in severely handicapped persons, the effectiveness of 
using the relation between EMG signals and changing impedance of the healthy side to control the 
paralysis should also be investigated. Moreover, in subjects with lower-limb paralysis, how to 
control the excitability of spinal motor neurons to decrease the excess antagonist activity level, thus 
resulting in smooth cooperative motion tasks, should also be investigated in the next stage.  
 
